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This study aims to resolve the performance issues of Li-S batteries using KimWipes in three cell
configurations cathode-side, anode-side, and both-sides. A no-KimWipe cell configuration is
considered as a control. Substantial suppression of lithium polysulfide shuttling in the cathode-side
configuration is observed owing to polar—polar interaction between higher-order dissolved polysulfides
(Li2Sg to Li»Ss4) and abundant polar functional groups in the fibrous cellulose network of the
KimWipes. On the anode side, KimWipes serve the dual roles of facilitating the homogeneous
redistribution of Li ions during plating and stripping while minimizing the anchoring of polysulfide
species migrating from the cathode. An electrochemical performance test is performed out at a C-rate
of 0.1C, and the discharge-specific capacities at the first cycle for the cathode-side, anode-side, both-
sides, and no-KimWipe cell configurations were 1,464.36, 1,286.95, 1,033.96, and 927.22 mAh g™' S,
respectively. Experimental testing is performed for upto 250 cycles for type Il and Il cells, which
show good specific discharge, capacities as well as stable reversibility and coulombic efficiency. The
cathode-side KimWipe cell configuration maintained stable reversibility with a higher coulombic
efficiency. Results of this study will contribute towards realizing high-performance Li-S batteries for
commercial applications.
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1. INTRODUCTION

Li—S batteries (LSBs) are advanced electrochemical systems with a theoretical specific capacity
of 1,675 mAh g' S and a theoretical energy density of 2,600 Wh kg™' both of which are high when
compared with commercially available Li ion batteries [1]. Additionally, the S cathode is nontoxic,
cost-effective, naturally abundant, and environmentally clean [2]; however, it also suffers from a
polysulfide (PS)-shuttling effect, whereby the loss of active material from the cathode accelerates


http://www.electrochemsci.org/
mailto:ravindar.d@rcilab.in

Int. J. Electrochem. Sci., 16 (2021) Article ID: 210763 2

capacity decay and low S utilization, whereby the density difference between S and lithium sulfide
(Li2S) reduces the performance of the cathode and ultimately destabilizes the cathode structure owing
to volume expansion (~80%) [3, 4].

To address these issues, various strategies have been presented for improving the performance
of S cathodes, such as introducing carbon host materials such as porous carbon [5], carbon nanotubes
[6], carbon nanofibers [7], hierarchical carbon networks [8, 9], graphene [10], and graphene oxide
[11]. However, although these carbon-host materials solve the problems of poor electrical conductivity
and volume expansion during the charge—discharge process, they are inefficient at chemically
anchoring the PS species [12] because the carbon-host material is nonpolar in nature whereas Li>Sn is a
polar material [13]. In contrast, this chemical anchoring can be improved through surface modification
via polar heteroatom doping and codoping using O, N, S, P, B, and other elements [14-16].

Because of the importance of strong chemical interactions between a polar host material and
polar PS, many studies have focused on exploring polar host materials, such as metal oxides, metal
sulfides, and metal carbides, trapping PS species to achieve improved LSB performance [17-20].
Recently, polar materials have been synthesized and used in LSBs as multifunctional binders for
suppressing the PS intermediate shuttle effect and reducing volume expansion owing to their elastic
and mechanical properties [21, 22]. Similarly, polar additives have been rigorously investigated; e.g.,
nanoscale Mgo.sNio.4O, Al,O3, and La>O3 have been used in C-S cathodes to anchor the PS species and
to improve their coulombic efficiency and cycling stability. However, polar oxide additives can anchor
only small amounts of PS species owning to their low surface area and high density [23-25].

Apart from the problems with the S cathode, issues with the Li anode such as dendrite
formation during the charge—discharge process and PS reduction on the metal surface also contribute
significantly to lowering the electrochemical performance of the LSB, including its capacity retention
and cycle life. Dendrite formation reduces the coulombic efficiency, safety, and Li utilization while
increasing the polarization [3, 26, 27]. Various strategies have been suggested for suppressing dendrite
formation with electrolyte additives such as HF, LiF, and LiNO3 [28-30]. Of these, LiNOs is the most
commonly used additive in LSBs however, the use of additives strengthens the solid electrolyte
interphase layer of the Li anode. Continuous consumption of the additive impairs its effectiveness at
suppressing dendrite growth over an increasing number of cycles [31]. Artificial protections such as
tetraethoxysilane [32], Li nitride [33], composite coatings [34], and other surface coatings (e.g., Al2O3
[35], carbon [36], polymers, and alloys [37, 38]) have been introduced to stabilize the Li anode.

A new strategy has been reported for suppressing Li dendrites whereby a membrane
comprising of polar functional groups is placed over the Li anode to inhibit the movement of Li ions
toward protrusions and to achieve a smooth surface. Membranes such as 3D oxidized polyacrylonitrile
(PAN) nanofiber layers and 3D glass-fiber cloth [39-41] facilitate an even distribution of Li ions and
achieve a uniform and dendrite-free surface. Chang and co-workers used KimWipes as a membrane
rich in polar functional groups to achieve a dendrite-free surface and improved reversibility for the Li
foil. Fourier-transform infrared spectroscopy (FTIR) revealed the presence of abundant polar—-OH
groups and C-O-C chains in the fibrous cellulose network of a KimWipe. Li-plating tests were
performed to assess the dendrite-inhibiting capability of the KimWipes; their results showed that Li
plating occurred even at high current densities with delayed short-circuiting. They further reported that
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KimWipes offer Li ion redistribution capability, mechanical stability, and excellent wettability.
Compared with bare Li, the KimWipe-protected Li foil showed uniform Li deposition even after long
operational times [42].

The present study is the first to evaluate the synergetic effect of using KimWipes in a coin cell
with Li>Sn anchoring on the cathode side and Li dendrite suppression on the anode side. Suppression of
Li>Sn shuttling occurs on the cathode side due to polar—polar interaction between the higher-order
dissolved PS species (Li2Sg to Li»S4) and the abundant polar functional groups (C—O—-C and —OH)
present in the KimWipe. This abundance of chemically interactive polar functional groups, which can
be used to successfully suppress Li dendrite formation and minimize the anchoring of PS from the S
cathode that has migrated to the Li anode, is the principal motivation for using KimWipes. Fig. 1(a)
shows the polar—polar interaction between the abundant polar functional groups (—-OH and C-O-C)
present in the cellulose membrane of a KimWipe and the multiple higher-order Li>Sn species present in
the S cathode. Fig. 1(b) shows the interaction between Li ions and polar functional groups, and Fig.
1(c) shows the interaction between PS species and KimWipes.
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Figure 1. Schematics for (a) polar—polar interaction between the abundant polar functional groups in a
KimWipe and the higher-order PS species on the cathode side; (b) polar—polar interaction
between the abundant polar functional groups in the KimWipe and Li ions in the anode; and (c)
interaction of PS species with the KimWipe.

2. EXPERIMENTAL

2.1 Material Preparation

Commercially available Li foil, elemental S, microporous carbon boiling chips, polyvinyledene
difluoride (PVdF) binder, lithium bis (trifluoromethanesulfonyl) imide salt (LiTFSI), 1, 2-
dimethoxyethane (DME), 1, 3-dioxolane (DOL), and tetraethylenglycol dimethoxyethane (TEGDME)
were purchased from Sigma-Aldrich. All the materials have a purity of >99.99%. Carbon Black Super-
P was purchased from Alfa Aesar and was used as received. KimWipes were purchased from Kimtech,
and the Celgard 2500 separator was purchased from Celgard.
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An electrolyte (DOL: DME: TEGDME with a volume ratio of 1:1:1) was prepared inside a
standard four-port inert gas glove box (MBraun) by purging the high-purity Ar gas (99.9995%) to
maintain a moisture and oxygen content of <lppm. A cathode composite of microporous carbon and
elemental S was subjected to thermal melt-diffusion inside a vacuum oven that was maintained at
approximately 150°C-155°C for 6 h and then kept at 235°C for 2 h; this was done to ensure that any
remaining superficial sulfur penetrated the pores of the carbon host. The cathode slurry was prepared
by mixing the S—porous carbon composite, Carbon Black Super-P, and PVVdF binder at a weight ratio
of 80:10:10 in an N-methyl-2-pyrrolidone (NMP) solvent to form semiviscous slurry. The cathode
composition was mixed for 2 h at 1,000 rpm to obtain homogeneous slurry, which was then coated
onto an Al foil with a doctor blade and dried for 5 h to remove the NMP solvent and traces of moisture
prior to integration into the coin cell.

2.2 Coin Cell Assembly Procedure

Four types of CR2025 cells were assembled inside a glovebox. Type | was assembled by
sandwiching a Celgard 2500 separator between the Li-foil anode and the prepared cathode with no
KimWipe. Type Il was assembled by placing a KimWipe between the Li anode and the separator; this
configuration was used to study dendrite suppression. Type I1l was assembled by placing the KimWipe
between the separator and the cathode and was used to study PS anchoring. Finally, Type IV was
prepared by placing one KimWipe between the separator and anode and another between the separator
and the cathode; this configuration was used to analyze the synergetic effect of dendrite suppression
and PS anchoring. Fig. 2 shows schematics of the cell configurations.

] s S S

(a) (b) © (d
B Aluminum Current Collector Separator Lithium metal foil
Copper Current Collector Cathode Kimwipe

Figure 2. Schematic of the four types of cell configurations: (a) standard control cell without a
KimWipe (type 1), (b) KimWipe between the anode and Celgard separator (type II), (c)
KimWipe between the cathode and Celgard separator (type I1l), and (d) KimWipe between the
anode and the Celgard separator as well as between the cathode and Celgard separator (type
V).
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2.3 Electrochemical Measurements

Electrochemical performance measurement was performed using the Biologic VSP-300
electrochemical workstation with a potential window between 1.4 and 2.6 V at a C-rate of 0.1C. A
cyclic voltammeter was employed to study the oxidation and reduction peaks for the type I, Il, 111 and
IV cell configurations in the potential window of 1.0-3.0V at a scanning rate of 0.1mVs?. An
electrochemical impedance analysis was performed in the 200 kHz-100 mHz frequency region on a
VSP-300 electrochemical workstation (BioLogic)

3. RESULT AND DISCUSSION

The electrochemical performance of various configurations of lithium-sulfur coin cells
incorporating KimWipes was evaluated. Fig. 3(a) shows the charge—discharge curves at a C-rate of
0.1C for the first cycle. The specific capacities of types I-1V were 927.22, 1,286.95, 1,464.36, and
1,033 mAh g!' S, respectively [43, 44].
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Figure 3. Charge—discharge curves for types I-1V at a C-rate of 0.1C in the voltage window of 1.4- 2.6
V under room temperature: (a) 1% cycle, (b) 50" cycle, (c) 100" cycle, and (d) 250" cycle.

Experimental data revealed that type | had a lower discharge specific capacity than types 11-1V,
this was attributed to the dissolution of soluble PS species into the electrolyte from the cathode side,
leading to PS shuttling, loss of active material, and dendrite growth which in turn led to loss of lithium
at the anode. Due to the potential difference, the dissolved PS tends to migrate toward the anode,
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leading to a loss of active material on the anode side.

In type 11, the KimWipe was placed between the anode and Celgard separator. The abundant
polar functional groups present in the KimWipe had the dual functions of homogeneously
redistributing Li ions by means of plating and de-plating on the anode surface and anchoring the
dissolved PS species that migrated from the cathode, thereby improving the reversibility and
coulombic efficiency.

In type IlI, the KimWipe was placed between the cathode and Celgard 2500 separator and
exhibited a higher specific discharge capacity than the other cell configurations because of the
KimWipe suppressed PS shuttling [45] on the cathode side. The improved electrochemical
performance of the cell can be attributed to the polar interaction between the PS species on the S
cathode and the abundant polar functional groups in the cellulose fibers of the KimWipe. The
polysulfides on the S cathode were anchored by the polar functional groups of —-OH and C—-O-C in the
KimWipe via weak polar interactions, which improved the specific capacity and resulted in good
coulombic efficiency. The experimental data indicated a PS reduction and the anchoring of dissolved
PS, which would otherwise migrate toward the anode and reduced its electrochemical performance.

In the type IV configuration KimWipes were placed between the Li anode and Celgard 2500
separator and between the cathode and Celgard 2500 separator. This configuration exhibited a lower
discharge-specific capacity than type Il and Ill though it was higher than that of type I cell. Placing
KimWipes on both sides increased the electrochemical impedance owing to their insulating nature.
This is clearly indicated by the voltage window for the type IV charge—discharge curve. The data for
the 50, 100", and 250" cycles are shown in Fig. 3(b-d), respectively, and reveals similar results. The
type 1l and Il cells maintained good electrochemical performance without any excessive capacity
fading upto the 250" cycle, whereas types | and IV exhibited appreciable capacity fading at the 100%"
cycle. The abundant polar functional groups of the KimWipes provided dual functions: dendrite
suppression on the Li anode side and anchoring of the PS species on the cathode side increasing in the
No. of cycles [46].

A cyclic voltammetry (CV) study was performed for all four cell configurations, as shown in
Fig. 4. The experimental data reveals that for the first scan of type I cell, two reduction peaks were
observed at 2.15 and 1.65 V; these are attributed to the two-step reduction of elemental sulfur to
lithium polysulfides. The peak at 2.15 V corresponds to the conversion of elemental sulfur to higher-
order lithium polysulfides (Li2Sn, n >4); the next peak appeared at 1.65 V and was related to the
formation of lower-order lithium polysulfides (Li2Sn, n <4). The anodic scan revealed only one
oxidation peak at 2.70 V which can be attributed to conversion of lithium polysulfides into sulfur. The
cathodic scanning of the type Il cell revealed the same two reduction peaks at 2.17 and 1.79 V which
are attributed to the conversion of sulfur to lithium polysulfides, and an anodic peak appeared at 2.73
V, indicating the conversion of lithium polysulfides to sulfur. Similarly types Il and IV exhibited
cathodic first peaks at 2.19 and 2.16 V and second peaks at 1.86 and 1.72 V, as well as anodic peaks at
2.67 and 2.72 V. The experimental results of CV revealed that the type 11 cell configuration has a high
interface-reaction current which stimulates the conversion process, enhancing the cyclability. This can
be seen in the cycling-discharge specific-capacity performance.
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Figure 4. Comparison of the cyclic voltammograms for the type 1-1V configurations with potential
window from 1.0 to 3.0V at a scanning rate of 0.1mVs*

Electrochemical impedance analysis was performed in the 200 kHz-100 mHz frequency region
on a VSP-300 electrochemical workstation (BioLogic). Type IV configuration had the highest
electrochemical impedance, followed by types I, 11, and Ill, as shown in Fig. 5. The type 1V cell has
two KimWipe interlayers (one each on anode and cathode sides) and exhibits a higher impedance
subsequently, the discharge-specific capacity of the type IV cell is superior to that of the type I cell.
The type 11 cell configuration has a lower electrochemical impedance and superior specific discharge
capacity than the type I, Il and IV cells. Types Il and Ill have lower electrochemical impedance than
type I, but exhibits similar results in terms of electrochemical performance.

Fig. 6 shows the discharge-specific capacity vs. the cycle number vs. the coulombic efficiency
for all cell types. From the figure, it is apparent that, for the first few cycles, type | had a coulombic
efficiency of >95%, which then decreased to <90% with the dissolution of PS species. However, the
discharge-specific capacity remained >624.50 mAh g! S for all subsequent cycles upto the 100"
cycle. Type Il had a uniform coulombic efficiency of >95% due to the uniform plating and stripping of
Li ions on the Li-anode surface and the anchoring of PS facilitated by the KimWipe and had a good
discharge-capacity retention of 1,030.24 mAh g! S even upto 250 cycles.
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Figure 5. Comparison of the electrochemical impedances for type 1-1V configuration at the frequency
range of 200 kHz-100 mHz.
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Figure 6. Discharge specific capacity vs. cycle number vs. coulombic efficiency for all types of cell
configurations at a C-rate of 0.1C in a voltage window of 1.4 — 2.6 V under room temperature
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The type 111 cell configuration exhibited a coulombic efficiency >95% which remained stable
over a time. The type 111 cell maintained a good discharge-specific capacity of 1,232.07 mAh g' S at
its 250" cycle; this was attributed to effective PS anchoring by polar functional groups in the cellulose
membranes of the KimWipe, which minimized PS shuttling toward the anode. Type IV exhibit a good
coulombic efficiency and discharge-specific capacity at the first cycle as well as comparatively good
discharge-capacity retention 809.73 mAh g~' S upto the 100" cycle.

4. CONCLUSION

Improvements in the electrochemical performance of LSBs using KimWipes were studied
herein. The experimental results revealed that KimWipes have the synergistic effect of anchoring Li>Sn
at the cathode side while homogeneously redistributing Li ions on the anode side during plating and
stripping. The type Il (i.e., KimWipe on the cathode side) exhibited the highest specific capacity of
1,232.07 mAh g' S even upto the 250" cycle as well as the lowest electrochemical impedance; thus it
has the best performance among all cell configurations. Our study demonstrates a cost-effective and
facile approach for addressing the problems with LSBs and represents a step toward realizing their
commercial applicability.
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